Near Edge X-ray Absorption, Valence and Core-level Photoemission and Density Functional Theory calculations are used to study molecular levels of tetracyano-2,3,5,6-tetrafluoroquinodimethane (F 4 TCNQ) deposited on Ag(111) and BiAg 2 /Ag(111). The high electron affinity of F 4 TCNQ triggers a large static charge transfer from the substrate, and, more interestingly, hybridization with the substrate leads to a radical change of symmetry, shape and energy of frontier molecular orbitals. The Lowest Unoccupied Molecular Orbital (LUMO) shifts below the Fermi energy, becoming the new Highest Occupied Molecular Orbital (n-HOMO), whereas the n-LUMO is defined by a hybrid band with mixed π * and σ * symmetries, localized at quinone rings and cyano groups, respectively. The presence of Bi influences the way the molecule contacts the substrate with the cyano group. The molecule/surface distance is closer and the bond more extended over substrate atoms in F 4 TCNQ/Ag(111), whereas in F 4 TCNQ/BiAg 2 /Ag(111) the distance is larger and the contact more localized on top of Bi. This does not significantly alter molecular levels, but it causes the respective absence or presence of optical excitations in F 4 TCNQ core-level spectra.
Introduction
Organic/metal interfaces have become essential in all emerging electronic applications. Finding suitable materials combinations that fit the requirements of the desired device is a great challenge. One generally seeks sharp interfaces, in which substrate and organic layers retain their respective electronic properties. This generally defines a weak molecule-surface interaction scenario 1,2 characterized by low charge transfers, namely few tenths of electron per molecule, and interface electronics governed by the rigid alignment of molecular levels with respect to the metal Fermi level. [3] [4] [5] [6] [7] However, the design of new functional devices requires transferring substrate properties to the organic layer, such as magnetism, which in turn demands a stronger substrate-molecule interaction. However, enhanced molecule/surface in-teractions lead to larger hybridization effects, 8, 9 and even induce structural disruptions of the substrate, such as atomic segregation, 10 making interface electronic states less predictable.
Molecules with strongly donor or acceptor character may induce a sizeable interface charge transfer, of the order of one electron per molecule, which can both trigger profound electronic and conformational molecular changes [11] [12] [13] and modify the substrate properties. 14 These are attractive cases, which could prompt to the emergence of exotic interface properties, such as superconductivity or magnetism.
15-17
In the quest for functional organic/metal interfaces, the combination of planar, aromatic molecules and noble metal surfaces has several advantages, particularly as model research systems. They generally form structurally sharp interfaces made of well-ordered supramolecular monolayers that lie flat on the metal surface. This facilitates the experimental analysis with surface sensitive microscopies and spectroscopies, [18] [19] [20] as well as theoretical modeling. [21] [22] [23] Although most of such systems may still be considered weakly chemisorbed, one can find different degrees of interaction with the substrate.
1 As a prototype of strong acceptor molecules, tetracyanoquinodimethane (TCNQ) and his fluorinated counterpart tetracyano-2,3,5,6-tetrafluoroquinodimethane (F 4 TCNQ, Fig. 1 ) have been largely investigated both at the interface with coinage metals 10, 11, 24, 25 or in combination with other organic materials.
15,26
In this work, we examine in detail the large charge-transfer case of F 4 TCNQ adsorbed on two chemically-different substrates, namely Ag(111) and BiAg 2 /Ag(111). We combine Scanning Tunneling Microcopy (STM), X-ray Photoemission (XPS), Angle-resolved Photoemission (ARPES), Near-Edge X-ray Absorption (NEXAFS) and Density Functional Theory (DFT) calculations to assess differences in the interface structure, nature of the bonding and electronic properties. The observed transfer of 1.5 e − per molecule converts the primitive Lowest Unoccupied Molecular Orbital (LUMO) into the new Highest Occupied Molecular Orbital (n-HOMO), but also a significant change in the wavefunction character of the new frontier molecular levels is observed. The n-HOMO appears hybridized with substrate s, p bands around the Fermi energy, and more interestingly, the upper edge of the gap (n-LUMO band) exhibits a spatially modulated, mixture of σ * and π * symmetry orbitals. Differences among the two interfaces appear at the intimate cyano/metal contact, which has more localized character in F 4 TCNQ/BiAg 2 /Ag(111), and a higher degree of metallic delocalization in the F 4 TCNQ/Ag(111) case.
Results
Due to its large electron affinity (-5.2 eV), the p-type organic dopant F 4 TCNQ is widely used in charge-transfer multilayers and organic blends with potential opto-electronic applications. 27, 28 The planar structure of the molecule is depicted in Fig. 1 . Its functionality as an acceptor is determined by the four peripheral cyano groups and the four fluorine side atoms, all of which draw a significant amount of charge from the quinone ring. As it occurs in its parent TCNQ molecule, 11 this quenches the aromatic character of the central hexagon, making the stand-alone molecule structurally rigid. The calculated projected density of states (PDOS) and the corresponding spatial charge distribution in frontier orbitals is also shown in Fig. 1 . The HOMO-1, HOMO, LUMO, LUMO+1, and LUMO+2 molecular orbitals have a marked π nature, reflected in their nodal plane, whereas the LUMO+3 is the first unoccupied orbital that shows an in-plane local density of states (LDOS), namely a σ character.
The adsorption of F 4 TCNQ on Ag(111) leads to a number of changes in the molecular properties, defining radically new frontier n-HOMO and n-LUMO levels. This is immediately reflected in the DFT-calculated PDOS and spatial charge distribution, respectively shown in does not show any significant density at the metal surface, although orbital changes with respect to the pristine molecule are significant. As shown in the PDOS plotted in Fig. 2 (a), the primitive LUMO+1, LUMO+2 and LUMO+3 levels reshuffle and overlap, thereby defining a frontier n-LUMO band with the edge at 2.2-2.4 eV, which is made of a mixture of σ * and π * orbitals. This is in fact a coherent symmetry mixing, which affects the four individual molecular levels that make up the n-LUMO band (see edge is observed in all spectra close to zero energy, pointing at a significant metallization of the molecule. 29 The fact that a Fermi edge appears at zero energy justifies the use of the common electron energy scale, also indicating that core-hole exciton effects that affect the empty electronic levels in NEXAFS are minor. 29, 30 Additionally, given the almost planar geometry of the organic layer, s and p polarization experiments test the respective σ * and π * orbital composition. 29 The dominant symmetry is clearly reversed for the frontier n-LUMO peak at ∼ 1.1 eV when going from C to N edges, as qualitatively predicted by the DFT calculation shown in Fig. 2 (a) . In contrast, the Fermi edge exhibits larger intensity in p-polarization at both N and C edges. This confirms that the π symmetry n-HOMO level found at -0.97 eV in ARPES spectra (see Despite the strong resemblance of energies and symmetries of molecular levels in both The distinct degree of localization of the N/metal bond may explain the striking differences in the N 1s core-levels shown in Fig. 4 (c) . Spectra correspond to the F 4 TCNQ monolayer adsorbed on BiAg 2 (bottom), on Ag(111) (middle), and for a four layer thick film on Ag(111) (top). The latter shows the characteristic HOMO-LUMO (π → π * ) shake-up satellite at ∼2.4 eV below the main peak. 11, 34 At the BiAg 2 interface, the shake-up excitation is reduced to 1.80 eV and its intensity is notably enhanced, in contrast with the Ag(111) contact, where the shake-up is quenched. Similarly, a strong reduction of the satellite intensity is observed in the C 1s spectrum of F 4 TCNQ/Ag(111)(see Supporting Information). The intensity in shake-up satellites is proportional to the spatial overlap of all involved levels, namely core, HOMO and LUMO states, 35, 36 and inversely proportional to the energy of the excitation, namely the size of the HOMO-LUMO gap. Therefore, the large N 1s shake-up intensity at the F 4 TCNQ/BiAg 2 /Ag(111) interface, compared to that of the F 4 TCNQ multilayer, can be explained as due to a stronger localization of both n-HOMO and n-LUMO orbitals around N atoms in cyano groups, as well as to the effectively smaller n-HOMO-n-LUMO gap, as defined by the shake-up energy. On the other hand, the disappearance of the HOMO-LUMO shake-up loss in N 1s at the F 4 TCNQ/Ag(111) interface is surprising, since symmetry and energy of n-HOMO and n-LUMO molecular levels are similar for both interfaces (Fig. 2) .
The absence of the N 1s shake-up satellite in F 4 TCNQ/Ag(111) (also observed for TCNQ on Cu(100) 11 ) must therefore be related to the large spread and metallization of molecular orbitals at the cyano/substrate contact, which leads to the effective collapse of the optical gap. In reality, the calculations show metallic states inside the n-HOMO-n-LUMO gap at both interfaces [ Fig. 4 (a) ], but in the case of F 4 TCNQ/BiAg 2 /Ag(111) such gap states are the Bi-related p z -resonances, which therefore appear not to affect optical excitations. or CuPc. 23, 40, 41 For these systems, NEXAFS spectra show that the unoccupied molecular levels at low energies maintain a π * character both in the multilayer and monolayer form.
Discussion

37,38,41
By contrast, in the F 4 TCNQ/metal system the high electron affinity of the molecule drives a much larger charging, which not only converts the LUMO of the free molecule into the new n-HOMO, 11, 42 but, as we show here, drastically alters the nature of all frontier levels with respect to the multilayer case. 43 In particular, the new n-LUMO appears defined by a combination of the pristine LUMO+1, LUMO+2 and LUMO+3 levels. As a consequence, we observe the spatial modulation of the orbital symmetry at the new n-LUMO edge, varying from π * at the quinone center to a more dominant σ * symmetry at the cyano end group of the molecule.
Orbital symmetry at the molecule/metal interface determines the degree of molecule/surface coupling and, hence, influences hole and electron injection and transport. As discussed by Seideman, 44 for planar molecule/metal contacts the relevant property is the symmetry with respect to the plane of the molecule for wave functions of both molecular levels and surface states that overlap in energy. σ and σ * orbitals are symmetric with respect to the molecular plane, in contrast to the antisymmetric character of both π and π * molecular states.
For surface state wave functions that are symmetric with respect to the molecular plane coherent coupling is expected with σ and σ * states, whereas antisymmetric surface states couple to π and π * orbitals. Coherent molecule/metal coupling at the interface is needed in order to texture molecular states with exotic substrate properties. This is claimed to be the case of C 6 F 6 on Cu(111), where coherent coupling occurs between the molecule σ * orbital and the s, p z -like image state, leading to molecular levels with metallic, nearly-free-electron character. 45 The present F 4 TCNQ case is even more exotic, because we have both π * and σ * symmetry at the same n-LUMO energy, and hence coherent coupling is allowed with symmetric or antisymmetric substrate states. Such coupling scenario remains to be explored in the future.
The presence of Bi alters the molecular level spectrum of 
Methods
Density Functional Theory
Calculations for gas-phase and adsorbate systems were carried out within density functional theory (DFT) as implemented in the computer code VASP, 46-48 using the Perdew, Burke and Ernzerhof generalized gradient approximation for exchange and correlation (GGA-PBE) 49 and optB88-vdW functional to describe the non local van der Waals interaction. 
Sample preparation
The Ag(111) surface was prepared by standard sputtering and annealing cycles. The BiAg 2 alloy was obtained by evaporating one-third of a monolayer of Bi from a Knudsen cell with the sample kept at 300K, followed by a gentle annealing to T∼550 K. Tetracyano-2,3,5,6-tetrafluoroquinodimethane (F 4 TCNQ, from Sigma-Aldrich) was deposited from resistively heated Knudsen cells at T=350 K on the sample kept at T = 300 K, in the case of the monolayer deposition, and at T=200 K for multilayer deposition. Bi and molecular thicknesses were determined by a quartz crystal microbalance, and the calibration corroborated by STM, or by detailed analysis of the relative core-level peak intensities in synchrotron radiation measurements.The structural and electronic analysis of the molecular layer was performed in two different ultra-high vacuum (UHV) systems: at a home-laboratory with STM and angular resolved photoemission spectroscopy (ARPES), and at the ALOISA beamline of the ELET-TRA synchrotron in Trieste, Italy, for high-resolution photoemission spectroscopy and near edge x-ray absorption fine structure (NEXAFS). The quality of BiAg 2 alloys and molecular films was further checked by low energy electron diffraction (LEED) at the home laboratory and by reflection high-energy electron diffraction (RHEED) at ELETTRA.
Near Edge X-ray Absorption Fine Structure and X-ray Photoemission NEXAFS spectra were acquired by measuring the partial electron yield with a channeltron detector equipped with a front grid polarized at a negative bias of -230 and -380 V (for the C 1s and N 1s thresholds, respectively) in order to reject low energy secondary electrons.
The spectra were measured with an energy resolution set to 80 (C 1s) and 100 meV (N 1s), and calibrated to the corresponding 1s → π * gas phase transitions of CO and N 2 at hν = 287.4 and 401.10 eV, respectively, as described in Ref. 
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